Currently the trend in the Si IC industry is to produce epitaxial material layers by advanced growth and deposition techniques. Examples of these are Si and SiGe low temperature epitaxy, Si selective epitaxy and metallic silicide epitaxy. In order to obtain good electrical properties it is important that the epitaxial material shows no extended lattice defects and has a minimal concentration of lattice point defects. Given the concentrations of these phenomena a sensitive experimental technique is required to characterise the materials. The application of the positron annihilation technique in this IC research area is demonstrated by two examples, namely, characterization of Si Molecular Beam Epitaxy (MBE) and Atmospheric Pressure Chemical Vapour Deposition (APCVD) epi-layers and the assessment of the quality of CoSi, epi-layers produced by the solid-state reaction with the Si substrate and an amorphous Co7,W,, sputtered layer. Results will be presented in terms of defect concentrations derived from positron diffusion lengths.
INTRODUCTION
Positron annihilation is beginning to play a role in the characterisation of a number of materials used in Si integrated circuits as can be understood, for example, from various topics covered in this conference. In this paper, examples will be given of two different research and development areas where a need for positron annihilation currently exists or will exist in the short term. These areas are, namely, the characterisation of a) epitaxial silicon layers on Si substrates (layer deposition by new/advanced techniques) and b) epitaxial metallic films onlin Si (for future metallisations and advanced transistors). In the following sections, these two subject areas will be discussed. Epitaxial Si layers will be addressed first.
Over the last few years a number of positron annihilation studies have been carried out on Si epitaxial layers on Si substrates [1,2,3]. Currently, the trend in the industry is to grow epitaxial Si (and SiGe) layers at low temperatures (-700 "C). Great progress has recently been made in advanced deposition techniques which allows Si (and SiGe) epitaxial growth at a temperature well below those normally (>I000 "C) employed. The main driving force for this temperature decrease is reduced dopant diffusion in the Si substrate and in the epitaxial layer. For example, in modern bipolar (and BiCMOS) transistors, localised dopant regions are introduced into the Si substrate prior to epitaxy. During epitaxy, thin doped layers with very large dopant gradients may be incorporated into the growing material. It is extremely (I) Currently on assignment from Philips Research Labs, 5600 JA Eindhoven, The Netherlands
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1995103 beneficial if dopant diffusion in the substrate and in the epitaxial material is minimal for high speed transistor operation. The simplest way to limited dopant diffusion is to reduce processing temperatures. Thus the origin of the current trend. Particularly for bipolar applications, it is important that the epitaxial material has a good crystalline quality: a good crystalline quality is defined here as a material containing no extended lattice defects (dislocations and stacking faults) and a minimal concentration of lattice point defects, i.e., substitutional vacancies and interstitials. Such point defects can act as strong trapping centres for minority carriers and as the operation of bipolar devices relies on these carriers, it can be understood that the performance of transistors is impaired by the presence of point defects. For MOS transistor applications, the effect of point defects on device performance is probably less critical.
Another aspect of Si epitaxy on Si substrates which is also currently under investigation is selective epitaxy. Si epitaxy was previously solely carried out over the whole wafer (i.e. as a blanket deposition) and before any process steps. The trend in research at the moment is selective epitaxial growth on exposed Si regions (i.e. no growth on patterned SiO, areas) after certain process steps have been carried out, the main driving force here being the need for closely packed alternating SiO,/Si regions for "ultra large scale" (deep sub-micron) integrated circuits. The active MOS transistor is subsequently constructed in the Si regions while the SiO, acts as an electrically isolating area between adjacent transistors. An example of the manufacture of such a structure is shown in figure 1. In this figure, it is shown that independent n-and p-wells are formed by using selective-epitaxial doped material for p-and n-channel CMOS devices. Here the use of ion-implantation and high temperature processing is not needed. Furthermore, retrograde-well [4] and bipolar structures can be relatively easily incorporated into wafer processing. Figure I . Basic selective epi-growth process for an n-well CMOS structure.
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Returning to the subject of epitaxial quality, it is important to gain an understanding of the issues that are critical for the production of material with a minimal concentration of point defects. In general, lowering the epitaxial growth temperature normally leads to the incorporation of an increased number of point defects [S] . This occurs as the surface mobility of the ad-atoms is reduced at low temperature and thus an ad-atom may not be able to fill a vacancy before the subsequently deposited ad-atom arrives. This situation is schematically shown in figure 2. Here, the ad-atom on the growing surface can not move far enough along the surface to fill the vacancy before the next deposited atom arrives. Obviously, if the time between subsequently deposited atoms is great, then there is a high probability the surface ad-atom can fill the vacancy. In other words, if the deposition rate is small, the vacancy concentration should also be low. Conversely, a large deposition rate at a comparable temperature should lead to a high vacancy concentration. Unfortunately, almost all analytical techniques cannot detect the presence of vacancies. As positron annihilation is sensitive to the presence of vacancies and vacancy-clusters, it has been used to study such growth phenomena. Using positron annihilation, the effect of growth rate on vacancy concentration will be demonstrated in this paper. . For both application areas, although there are a number of candidate materials, the metallic silicide CoSi, (and to a lesser extent Nisi,) has received most attention. Here, good quality epitaxial material is desirable for superior electrical conduction properties. (Again, good epitaxial quality is defined as a low concentration of lattice point defects). An established method for producing the metallic silicides, CoSi, and Nisi,, is metal ion implantation into the silicon substrate, followed by very high temperature (-1 100 "C) annealing. Unfortunately, this normally results in a relatively thick buried CoSi, layer which is not suitable for application in the areas mentioned above (for the first application area, a surface silicide is required). Furthermore, such ion implantation leads to the formation of a large amount of lattice damage which is difficult to remove and degrades the performance of devices. Also, as described above, the trend in the industry is to low processing temperatures to limit dopant diffusion and the like. Thus, a search was started for a low temperature epitaxial CoSi, production method. Low temperature, non-implantation, methods for CoSi, epitaxy have now been devised [7, 8, 9] which rely on the use of layers deposited in a standard sputter machine and an anneal. However, the following question arises: is the epitaxial quality of the silicide formed by the new methods the same as the material produced by the implantation technique? Electrical measurements [lo] suggested that there is a difference between the films, but no differences could be found by analytical techniques including transmission electron microscopy (TEM). In this paper, the epitaxial quality of silicide films produced by two methods will be compared with the aid of positron annihilation studies and the origin of the electrical difference elucidated.
POSITRON ANNIHILATION TECHNIQUE
The positron beam used in these studies consisted of a beam of about 5 x lo4 monoenergetic positrons per second with energy E adjustable from near 100 eV to 30 keV [l 1 ,121. The stopping profile of the implanted positrons in a material is approximated by a derivative of a gaussian with the mean implantation depth being proportional to El 6. In Si, for example, this range of energies corresponds to mean implantation depths ranging from near 0 to 3 pm. After being slowed down, positrons implanted in the bulk of the material start to diffuse and ultimately annihilate either in a defect free region or become trapped in a defect (especially an open-volume defect) and annihilate there. The Doppler shifted energy of the photons created in the two-photon annihilation process depends on the momentum of the electron-positron pair. Since in defects the electron momentum distribution is in general different from the one in a defect-free region, the energy distribution (around 5 11 keV) of the photons carries information about the presence of defects. It is common use to characterize the width of the Doppler broadened annihilation peak by the so-called "S-parameter". This parameter is defined as the area of a central region of the line divided by the total area of the line. In general the S-parameter of positrons annihilating in open-volume defects is higher than the one of the defect-free material, although in the case of oxygen related defects in Si a lower S-parameter is observed. For an overview of the positron beam techniques see [13] .
Measurement of the S-parameter not only yields information about the type of defects but also about the depth distribution and concentration of the defects. The latter can be derived from the positron diffusion length which can be resolved from the S-parameter measured as a function of the positron implantation energy. For each positron implantation energy the Sparameter can be written as:
were F,(E), Fh(E) and F,(E) denote the energy dependent fractions of positrons annihilating at the surface, in the bulk or at a defect with specific S,, , Sh and St values, respectively. The different fractions can be calculated from the balance between positron implantation, diffusion, bulk annihilation and trapping by solving the time-averaged, one dimensional diffusion equation:
with D+ the positron diffusion coefficient, c(z) the positron density as a function of depth, v, the field dependent drift velocity, v, the specific positron trapping rate in the defect under consideration, n, the defect density (in atomic fraction) and A, the positron bulk annihilation rate. P(z,E) is the energy dependent positron implantation profile. The relation between the defect concentration n, and the observed effective diffusion length L+,,fl is given by with L+ the positron diffusion length in defect-free material. Equation (2) forms the basis of a modelling and fitting program VEPFIT [14] used to analyse the experimental data presented below.
RESULTS
Epitaxial layers on Si
Positron beam measurements have been performed on Si-epitaxial layers deposited by molecular beam epitaxy (MBE) and atmospheric pressure chemical vapour deposition (APCVD) techniques. The 3 pm thick MBE Iayer has been deposited on a p-type, 0.01 Qcm boron doped Si substrate at a deposition temperature of 1013 K and at a deposition rate of 0.3 n d s (sample B). The APCVD depositions were carried out at a substrate temperature of 973 K and a deposition rate of 0.17 n d s (sample C) and at 873 K at 0.02 nm/s (sample D), respectively. Sample A was a silicon substrate, i.e. grown from the melt phase, and acted as a reference sample. The results of the positron measurements together with the fitted curves produced by VEPFIT are shown in figure 3. Sample B (MBE) has been measured at room temperature and at a temperature of 400 K. The most relevant fitted values for the relative Sparameters (defined as SJS,,) and the effective diffusion lengths are given in table I. This table also summarizes the deposition conditions and the derived defect concentrations. The diffusion length quoted for the MBE sample is obtained from the measurement at 400 K taking into account the T-a relationship between the diffusion coefficient and temperature[] 51. 
Table I . Summary of the deposition conditiorzs, fitted positron diffusion lengths and relative S-parameters for Si samples A to D. The vacancy concentration is derived from the diffusion lengths using equation (3) and L, =
Metallic silicides: CoSi,
The application of positron beams for the investigation of metallic silicides is demonstrated for the case of CoSi, films produced by two different methods. One method employs the solidstate reaction between the silicon substrate and an amorphous Co,,W,, sputtered layer. The other method is based on the implantation of a very high dosis of Co into silicon. The implantation was carried out at an elevated temperature, in order to anneal damage created during the implantation.
The results of the positron beam experiments [16] , shown in figure 4 , were obtained from a 140 nm thick, magnetron sputtered Co,,W,, layer annealed at 825 K for 8 hours (sample E) followed by an aneal at 1025 K for 1 hour (sample F). For comparison the result of a measurement on an implanted sample (G) is also shown. This sample consisted of a 120 nrn thick silicide layer prepared by Co implantation, followed by an anneal at 1275 K for 30 rnin and a subsequent anneal at 1075 K for 8 hours. A complete description of the growth conditions and substrate parameters can be found in [7] . The fit results for the three samples are summarized in table 2. 4. DISCUSSION Starting with the comparison of the Si epitaxial films, it can be understood that the deposition rate is an important parameter during film growth. Analysing Table I , one can understand that changing the temperature of the substrate between 873 and 1013K (600 and 740 "C) has a limited effect on the built-in vacancy concentration, whereas changing the deposition rate clearly causes a large variation in vacancy concentration. To highlight this point, one only has to compare depositions B and D. Here the determined vacancy concentrations are about the same, while sample B was grown at temperature 140 "C above D. Yet the deposition rates differ greatly: the deposition rate of sample B was 15 times greater than D. Clearly more investigation is required to quantify this effect and to distinguish it from the influence of the deposition method employed. For example, in the comparison just described, two different deposition techniques were used. However, preliminary findings have indicated that vacancy concentration differences in layers, deposited at similar temperatures using the two techniques investigated in this study, are small compared to the deposition rate effects. The mechanism for building-in vacancies during growth has been described in the introduction. Clearly, the rate at which atoms arrive at the surface of a Si substrate is extremely important. If the surface ad-atoms do not have the time to diffuse to vacant sites on the surface before subsequent atoms arrive, vacancies will be left behind in the growing film.
From the deposition rates in table 1 it can be calculated that the time r, to grow a monolayer is 0.66 s for the MBE layer, 1.2 s for the APCVD(C) layer and 10 s for the APCVD(D) layer, respectively. Within this time atoms will spread in a zone around the place of deposition with a mean square radius of cr2> = 4Dr,, with D, the surface diffusitivity given by the expression D, = 0.01 exp[ -E,,/kT]. With the value for the activation energy for surface diffusion of 1 eV [19, 20, 21 ] the values of cr2>'" amount to 5 x10-', 5 x10" and 8 ~l O -~c m , respectively. Thus considerable distances can be covered before the next layer is deposited. It should be noted that though the APCVD(D) layer has been deposited at a 100 K lower temperature than the APCVD(C) layer, the range of diffusing surface atoms is twice that of the latter surface. Therefore more vancancy type defects might have been removed in that case. The positron results indicate a five times reduction.
The removal of defects by self diffusion of Si atoms is reduced considerably by going to lower temperatures. Based on an activation energy for Si self-diffusion of 4.8 eV [22] the ratio of the diffusivity at 873 and 973 is of the order of . Since this is in disagreement with positron energy (keV) the results derived from the positron measurements we believe that the observed reduction in defect concentration is due to the range of moving surface atoms and thus the deposition rate. Turning our attention now to the subject of the epitaxial CoSi, films, it is immediately apparent that the relative S values for both films formed from sputtered layers by low temperature annealing (samples E and F) are more than 17% higher than the value for the implanted silicide film produced by high temperature annealing. This relative shift in S can be explained in only one way: the materials formed from sputtered layers contain a certain concentration of rather large vacancy-type defects. This can be concluded because positron annihilation is one of the most sensitive techniques for the detection of the vacancy-type defects. Furthermore, it can also be concluded that the additional anneal between samples E and F does not change the dominant type of defect, as the relative S value does not significantly change. If one assumes that only one dominant type of defect is present, values for the positron diffusion lengths can be deduced. From the values of diffusion lengths, estimates for the defect concentrations in the films can be obtained. Using this technique, it can be shown (see table 2) that the concentration of defects decreases during the additional anneal between samples E and F. The data obtained above is in very good agreement with electrical measurements. From very low temperature resistivity measurements on these films [lo] , it was indirectly concluded that these films contained a relatively high concentration of lattice defects. Film E apparently contained more defects than film F. However, these electrical measurements could not categorically identify these defects as vacancies. Furthermore, these measurements only gave an indication of the concentration of the defects. Positron annihilation, on the other hand, identified the type of defect and the concentration of the defects in the two films.
Returning briefly to the electrical measurements, by studying the change in resistivity of the films during heating to room temperature, the Debye temperatures for the two silicides could be obtained and compared with literature values. The determined values of Debye temperature suggested that the material after the first anneal (sample E) had a "less rigid" lattice than the film subjected to the additional anneal (sample F). This latter film was also in turn less rigid than good quality material reported in the literature. These results are again in agreement with the positron annihilation measurements which indicated that both samples E and F contain a high density of vacancies that leads to a less rigid lattice. Further, the positron results also determined that after the additional anneal (sample F), the number of vacancies decreases considerably, improving the rigidity of the CoSi, lattice and thus the Debye temperature of the material.
CONCLUSIONS
It has been shown that positron beam analysis is an effective, non destructive tool to study the presence of vacancy-type defects in materials used in the Si IC industry. This has been demonstrated in a study on MBE and APCVD Si-epitaxial layers, in which the measured defect concentrations have been ascribed to the rate at which atoms arrive at the surface of the growing epitaxial layer. Differences in defect concentrations in the range between 2 x lOI7 and 2 x 10'' cm-3 could easily be detected. The positron measurements on the CoSi, samples reveal the presence of defects with concentrations as high as 2-3 x loJ9 cm-'. This rather high number decreases upon annealing at 1025 K by one order of magnitude. This result is in agreement with the observed decrease of the residual resistivity.
